Abstract: Optical trapping and manipulation using focused laser beams has emerged as a powerful tool in the biological and physical sciences. However, scaling this technique to metallic nanoparticles remains challenging due to the strong scattering force and optical heating effect. In this work, we propose a novel strategy to optically trap metallic nanoparticles even under the resonant condition using engineered optical field. The distribution of the optical forces can be tailored through optimizing the spatial distribution of a vectorial optical illumination to favour the stable trapping of a variety of metallic nanoparticles under various conditions. It is shown that this optical tweezers has the ability of generating negative scattering force and supporting stable three-dimensional trapping for gold nanoparticles at resonance while avoiding trap destabilization due to optical overheating. The technique presented in this work offers a versatile solution for trapping metallic nanoparticles and may open up new avenues for optical manipulation.
Introduction
In 1986, Ashkin and colleagues reported the first observation of stable three-dimensional (3D) optical trapping, or optical tweezers, created using radiation pressure from a single laser beam [1] . Since then, the capabilities of optical trapping have evolved from simple manipulation to the application of calibrated forces on, and the measurement of nanometer-level displacement of optically trapped objects. Because of their unique features, optical tweezers have revolutionized the experimental study of small particles and become an important tool for research in the fields of biology, physical chemistry and soft matter physics [2] .
Nowadays, optical trapping has been successfully implemented in two main size regimes: the sub-nanometer (e.g., cooling of atoms, ions and molecules) and micrometer scale (such as cells). However, it has been difficult to apply these techniques to the nanoscale between ∼1 nm and 100 nm because of the challenges in scaling up the techniques optimized for atom cooling, or scaling down those used for micro-particle trapping [3] . New approaches were thus developed to stably trap and manipulate nanostructures. Over the past few years, these techniques have been successfully applied to a variety of objects, such as metallic nanoparticles, [4, 5] carbon nanotubes [6, 7] and quantum dots [8, 9] .
Some of the unique size-dependent properties of metallic nanoparticles make them highly attractive in many areas from biology to electronics. For example, surface-enhanced Raman spectroscopy (SERS) takes advantage of the local field enhancement offered by optically resonant metallic nanoparticles to amplify the Raman signal and allows in principle for label-free detection of proteins, pollutants, and other molecules [10] . Due to the noncontact and "holding" nature, optical trapping is well suited to be combined with SERS, potentially enabling ultrasensitive molecular recognition in liquids. However, trapping resonant metallic nanoparticle is challenging due to two main reasons. Firstly, at the electronic resonance condition, the induced polarization is resonantly enhanced, and so is the induced scattering force. It is difficult to trap resonant particles with a single focused laser beam because the resonantly enhanced scattering force strongly pushes particles away from the focal spot. Secondly, resonant illuminations of metallic nanoparticles give rise to strong heating effects because of the light absorption [11] . The high temperature of the trapped nanoparticles caused by this heating effect may destroy the trapping and release the nanoparticles. Several approaches were developed to increase the trapping efficiency of metallic nanoparticles [5, 12, 13] . For example, radially polarized beam was proposed to replace the conventional linear polarization as the illumination in optical tweezers [14] . Highly focused radial polarization provides stronger gradient force to pull the particles towards the center of the focus. The feasibility and advantage of using radial polarization to trap metallic nanoparticles have been both theoretically and experimentally demonstrated when the trapping wavelength is far from the plasmon resonance [15] . However, as the trapping laser wavelength approaches the resonance of the nanoparticle, the scattering force become comparable to or even larger than the gradient force owing to the unique vector field distribution of the highly focused radial polarization [16] , thus the benefit of using radial polarization appears to be reduced.
In this manuscript, a novel strategy is proposed to form a stable 3D trapping of metallic nanoparticles even under resonant conditions through careful and purposeful engineering a vectorial optical field as the illumination. The required optical illumination is created by sculpting the amplitude and phase of a radially polarized optical field. When strongly focused by a high numerical aperture (NA) objective lens, this specially engineered vectorial optical field offers both the non-propagating feature of the radial polarization and the optical pulling feature of the tractor beam [17, 18] , a recently reported technique to generate a scattering force that points against the optical power flow. The main difference is the tractor beam pulls the particles all the way towards to the light source with no equilibrium point, while the particles conveyed by the engineered vectorial optical beam introduced in this work gets stably trapped at an equilibrium position. The optical forces exerted on a gold nanoparticle are numerically calculated as examples and the associated optical heating effect is also studied by a finite element method (FEM) modeling. The results demonstrate that this novel optical trapping strategy has the capability to trap resonant metallic nanoparticles and the optical force can be engineered to suit for different needs by modifying the vectorial optical field illumination.
Results

Configuration of the optical tweezers
The proposed optical tweezers is schematically illustrated in Figure 1 . The optical tweezers is constructed around a high NA aplanatic objective lens that focuses the illumination as tightly as possible. The main idea of the trapping method is to build a vectorial optical field that is beneficial for the formation of a stable 3D confinement for metallic nanoparticles. Since stable trapping requires the axial gradient force to dominate over the scattering force, Radial polarization incident Objective lens Diffractive optical element Figure 1 Diagram of the proposed optical tweezers setup. An incident radially polarized beam with increasing intensity towards the edge is highly focused by an objective lens. Q(r, ϕ) is an observation point in the focal plane. A diffractive optical element (DOE) is inserted at the entrance pupil plane of the objective lens. The boundary between the inner and outer zones of the DOE is indicated by θ 0 . a potential viable approach is to minimize the scattering effect through the generation of negative scattering force. Usually the scattering force is considered to deteriorate the optical trapping. However, under certain conditions the direction of the scattering force can be reversed to be against the power flow, which pulls particles towards the light source. For example, this type of backward scattering force has been reported for some Bessel beams generated with a cone of plane waves converging at very high angles [17] . It is known that the axial component of highly focused radial polarization is proportional to the zero-order Bessel function. Thus the radial polarization is chosen as the building block of the trapping optical field in the proposed method for the purpose of creating a negative scattering force. The NA of the objective lens is chosen such that the maximum converging angle from the edge of the lens is 89° in order to increase the negative scattering force as much as possible. Since the negative scattering force is mainly attributed to the optical field that comes from large converging angle, a non-uniform amplitude distribution of the illumination will be used such that the intensity increases gradually from the center to the edge. In the previous studies on the optical pulling force, little attention has been paid to the optical field coming from the inner region of the lens that corresponds to the focal field created by lower converging angle plane waves. However, this study shows that the optical field with low converging angles can play an important role in 3D trapping of metallic nanoparticles. As shown in Figure 1 , a diffractive optical element (DOE) is inserted at the entrance pupil plane of an objective lens. The DOE is divided into two zones, in which the applied phase modulations are different and adjustable. This additional degree of freedom provides an opportunity to engineer the gradient and scattering forces separately: the outer annular zone of the lens is responsible for the producing of negative scattering force, and the inner circular zone has the ability to control the gradient force. More interestingly, it is found that the phase modulation leads to a dislocation between the centers of the distributions of the gradient and scattering forces, giving rise to an equilibrium point along the optical axis. This optical tweezers design also offers great flexibility in modifying the total force distribution by adjusting the phase modulation on each zone of the lens.
Optical forces under the dipole approximation
The field distribution near the focus can be analyzed with the Richard-Wolf vectorial diffraction method as [19] : 
where Z 0 is the intrinsic impedance of the ambient medium, J n (r) is the nth order Bessel function of the first kind, U(θ) is the amplitude distribution of the illumination, M(θ) is the phase modulation provided by the DOE, P(θ) is the pupil apodization function of the objective lens, θ max is the maximal angle determined by the NA of the objective lens, and k is the wavenumber of the incident light in the medium. The constant A is given by A = πfl 0 /λ, where f is the focal length, λ is the wavelength of incident wave in the ambient environment, and l 0 is associated with the laser beam power. The aplanatic objective lens obeys the sine condition such that the spatial coordinates in the entrance pupil and the angular direction after the lens is related through r = f·sin(θ) and its apodization function is given by [20] :
The amplitude distribution of the illumination U (θ) is chosen to be:
It can be seen that amplitude of the incident radially polarized beam gradually increases from the center towards the edge of the beam. Note that this nonuniform distribution is specifically designed for the objective lens satisfying the sine condition, which is the most commonly used in the optical experiments. The combination of the input amplitude distribution and the pupil apodization function given by equation (2) is actually equivalent to the pupil apodization function of an objective lens satisfying Helmholtz condition [20] . Thus if a Helmholtz condition lens is used instead, a uniform illumination with radial polarization can be used to achieve the same focusing and optical trapping results described in this work. Let us consider a metallic nanoparticle suspended in the medium with the dielectric constant of ε. The optical properties of a spherical particle, whose radius a is small compared with the incident wavelength, are characterized by the polarizability α [21] :
where
is the relative permittivity of the metal from bulk material, and ω is the frequency.
In the presence of the optical focal field described by equation (1), the particle moves under the influence of a time averaged light-induced force. The axial optical forces exerted on the particle can be written as the sum of three terms [21] :
where σ = k IM(α) is the total cross section of the particle, L s is the spin density of the electric field, S is the Poynting vector and c is the speed of light, n is the refractive index of the surrounding medium. In equation (5) the first term is the gradient force proportional to the gradient of the intensity of the focal field, which provides the threedimensional confinement in optical tweezers as long as it dominates the second and third terms. The second term is identified as the radiation pressure force proportional to the Poynting vector, and the third term is a force arising from the presence of spatial polarization gradients [18] . The combination of the second and the third term gives the total scattering force. From equation (1), it is easy to see that the radiation pressure force does not exist on the optical axis because the axial component of the Poynting vector is zero [14] .
To illustrate the ability of this novel trapping method, the most challenging situation, namely 3D stable trapping of a resonant metallic nanoparticle in liquid, is considered here. We assume that a gold nanoparticle with the radius of 50 nm is placed in water (ε = 1.77, n = 1.333). The wavelength of the illumination is chosen to be 532 nm, which is near the resonant wavelength of gold nanoparticle. Please note that this chosen wavelength is different from the plasmonic resonance wavelength of the nanoparticle, which is located at the peak of the square of the polarizability (in this case ∼580 nm for 50 nm radius gold nanoparticle). The resonance condition in this manuscript is referred to the peak of the absorption cross section, which is proportional to the imaginary part of the polarizability. From equation (5), it can be seen that the scattering force will dramatically decrease from the absorption peak wavelength (∼532 nm for gold). As a consequence, the most challenging situation for trapping metallic nanoparticle is when the trapping wavelength approaches the resonance of the absorption cross section of the nanoparticle. If 3D stable trapping can be realized at this wavelength, it will be easier to trap the same kind of nanoparticle at other wavelengths including the plasmonic resonance wavelength. It is also worthy of mentioning that as the particle size further reduces, the plasmonic resonance wavelength moves closer to the absorption resonance wavelength and the difference between them will become negligible eventually. The index of refractive of gold is 0.467+2.4083i at the wavelength of 532 nm [22] . The laser power is assumed to be 100 mW. The modulation function M(θ) applied by the DOE is chosen to be:
where θ 0 indicates the boundary between the inner and outer zones of the DOE. It can be seen that the optical field passes through the outer zone experiences a pure phase delay of π/2 compared with the transmitted field from the inner one. Please note that these parameters are used throughout the manuscript unless specifically noted. Using equation (5), the optical forces exerted on the gold nanoparticle can be numerically calculated. Figure 2 shows the simulated optical forces when θ 0 = 1.47 rad (84.22°). The distribution of the gradient force has a deep valley centered at the geometric focus. In addition, negative scattering force is generated along the positive zaxis as expected. The dislocation between the centers of the gradient and scattering forces gives rise to an equilibrium point at z≈0.1λ for the total force distribution shown in Figure 2C . To characterize the equilibrium points on the optical axis, two parameters are proposed as the figures of merit for this optical trap: trapping strength and trapping length. Considering the asymmetric distribution of the total force along the z-axis, we choose min(|F min |, |F max |) as the measure of the trapping strength, where F min and F max are the minimal and the maximal total force on the two sides of the equilibrium point, respectively. The definition of trapping length is the range within which the particles can be pulled towards the equilibrium point. In other words, the trapping length refers to the continuous length of the negative total force on the right side of an equilibrium point.
Maximal trapping strength
The optical forces are found to be sensitive to the pupil modulation. Therefore there is a trade-off between the trapping strength and length. Through engineering the total force distribution along the optical axis, this trapping method can be tailored to meet specific needs of different applications. In this work, two extremely situations are studied separately: maximal trapping strength and maximal trapping length. In the case shown in Figure 2C , both the gradient and the scattering forces are negative near the equilibrium point, leading to the maximal trapping strength of about 2.82 pN at z = 0.47λ. The asymmetry of the total force distribution characterized by |F min |/|F max | is calculated to be 0.27 for this particular case. In the transverse plane, there is still an equilibrium point at r = 0 as in normal optical tweezers. Thus a stable 3D optical trapping is formed for the gold nanoparticle under the resonant condition.
For comparison, optical forces for the case of no pupil modulation by the DOE are shown in Figure 3 . It can be seen that the scattering force remains positive throughout the focal region and represents a dominating contribution to the total force. The scattering force has a wide and large peak compared with a weaker gradient force near the focus. The nanoparticle will be pushed away from the focal point due to the lack of equilibrium position along the optical axis.
Maximal trapping length
Besides the trapping strength, trapping length is another important figure of merit for optical trapping. Although the above-mentioned setup has the ability to generate the maximal trapping force, the trapping length is relatively short (∼1λ). By adjusting the boundary θ 0 , the ratio of the optical beam transmits through the different zones of the DOE will change and the associated optical forces within the vicinity of the focus can be adjusted accordingly. To extend the trapping length, the boundary is set to θ 0 = 1.53 rad (87.66°) with all the other parameters remain the same. The distributions of the optical forces are shown in Figure 4 . The gradient force does not change much compared with the previous design, except that the trough becomes wider and depressed. It is worth noting that the scattering force approaches zero and the curve is flat along the positive z-axis. The combination of the gradient force and the scattering force gives rise to the maximal trapping length of nearly 5λ. In this case, the position of the equilibrium point shifts to z≈0.69λ and the negative total force is mainly contributed from the gradient force. Although the trapping strength (∼1.22 pN) and the symmetry are relatively low (|F min |/|F max |∼0.12) in this case, the trapping force is still large enough to form a stable trap [12] . To better evaluate the optical trapping performance in terms of stability, the potential depth and escape time are also numerically calculated. Traditionally an optical trap with potential depth U larger than k B T or escape time t longer than 1 second can be considered as stable [4] . Strictly speaking though, the concept of potential well does not fully apply as the scattering force is non-conservative. However, in order to put the stability analysis in the same context as the traditional optical tweezers, these concepts are still adopted for the regions near the equilibrium point. In this work, the potential depth is estimated as U = -∫F·ds, which is the work done by the optical forces along the trapping length direction. The escape time is estimated from exp ,
where the drag coefficient γ = 6πaη [5] . The temperate T is taken to be 20°C (≈293 K) and the viscosity η of the water at this temperate is about 1 mPa·s. The spring constant κ is estimated as min , F l κ= ∆ where Δl is the distance between the equilibrium point and the position corresponding to the minimum (most negative) total force. Note that the equation for escape time estimation is only accurate for optical tweezers with harmonic potential. For the examples presented in this work, the potential is no longer harmonic and the spring constant is not constant but decreasing with increasing distance from |F min |. Therefore the escape time would be underestimated since the largest spring constant is used in the calculation. Consequently, the potential depth would be the primary criteria to determine whether the optical tweezers is stable or not. For the case of θ 0 = 1.47 rad (84.22°), the potential depths and escape times are calculated to be 199 × k B T, 140 × k B T, 2.2 × 10 81 s and 2.1 × 10 56 s in the transversal and longitudinal directions, respectively. For the case of θ 0 = 1.53 rad (87.66°), the potential depths and escape times are calculated to be 125 × k B T, 126 × k B T, 2.9 × 10 49 s and 5.6 × 10 50 s in the transverse and longitudinal directions, respectively. It is worthy to note that the escape time is much longer than that reported previously [5] . We attribute this difference to longer trapping wavelength and smaller particle size used in that work, which leads to a 4 orders of magnitude lower imaginary part of the polarizability. These calculations also indicate an additional potential advantage of the proposed trapping technique. Due to the significantly higher magnitude of the polarizability near the resonance, given the same amount of power, the optical forces involved in the optical trapping can be significantly larger than the traditional optical tweezers operated far away from resonance. The power needed to sustain stable 3D trapping may be reduced, which, as we will demonstrate in a later section, can be further exploited to mitigate the thermal effects that could potentially destabilize the optical trap.
Physical mechanisms
From the above simulation results, one can see that the key of the proposed trapping technique is to create an optical focal field that can provide appropriate distribution of the optical forces, particularly the optical scattering force. To better understand these phenomena, the relationship between the characteristic of the optical focal field and the optical forces are further explored below. Figure 5A , C, E show the |E| 2 distributions near the focus for three cases: no pupil modulation, pupil modulation with θ 0 = 1.47 rad (84.22°), and θ 0 = 1.53 rad (87.66°), respectively. Compared with Figure 5A , the introduction of the pupil modulation leads to the symmetry breaking of the |E| 2 distribution, which is due to the interference between the optical fields transmitted from the inner and outer zones of the lens. The dramatic drop of the |E| 2 near z = 0 gives rise to a trough of the negative gradient forces. In addition, the focal field has a Bessel-like distribution in the transverse plane, which is mainly attributed to the transmitted light from the outer zone of the objective lens. Hence, the gradient forces oscillate along r axis as shown in Figure 2D and 4D.
It has been reported by Grier et al. that the scattering force is proportional to the gradient of the phase of electric field components in the focus region [23] . Such phase distributions can be tailored by adjusting the geometry of the illumination [24] . Hence, the pupil modulation has the capability to modify the phase distribution and consequently the scattering force as well. The E z phase distributions for the above three cases are given in Figure 5B , D, F. According to the relationship between the scattering force and the phase, the sign of the scattering force is the same with that of the slope of the phase curve. When there is no pupil plane modulation, the phase increases monotonically and the scattering force is always positive. In the other two circumstances, the phase curves experience decreases due to the interference between the fields from the two zones of the DOE, leading to negative scattering forces. An optical field with the phase distribution shown in Figure 5D generates large negative scattering forces because the phase curve drops fast near the focus. However this force rises back quickly as the slope of the phase curve becomes positive again. In comparison, the phase curve maintains a 
Figure 5 Calculated |E| 2 and phase distributions at the wavelength of 532 nm. (A, C, E) 2D |E| 2 distributions in the r-z plane and (B, D, F) E z phase distributions along the optical axis for using conventional optical tweezer with radial polarization, DOE with phase difference of π/2 and θ 0 = 1.47 rad (84.22°) and θ 0 = 1.53 rad (87.66°), respectively. moderate downward slope in Figure 5F and the associated scattering force remains negative for a long distance.
Avoiding overheating in the optical tweezers
Discussions above clearly demonstrated that stable 3D optical trapping can be formed for metallic nanoparticles at the absorption resonance from the force balance point of view. This alone is significant as it would be otherwise impossible in traditional optical trapping with spatially homogeneously polarized illumination. However, thermal mechanism in optical tweezers is believed to be another main reason that destabilizes the trap [11] . This is a much more difficult factor to combat in conventional optical tweezers especially when the operating wavelength is close or at the resonant wavelength for the metallic nanoparticles to be trapped, especially for the particles immersed in the solution with low viscosity. The trapping method proposed in this manuscript provides an effective solution to avoid the overheating phenomenon. For a gold nanoparticle immersed in water, the critical temperature of water is about 647 K [25] , above which the water would evaporate to form the nucleation of vapor bubble, then the optical trap would be destroyed even though the potential depth is high enough to sustain stable trapping. A convenient way to decrease the temperate of the particle is to reduce the input power for trapping. However this needs to be done carefully as the potential depth of the optical tweezers could drop too much and no longer sustain a stable trapping. To solve the dilemma between the heating effect and trapping stability, a special recipe is followed to back-calculate the maximum allowable input power with the assumption that the nanoparticle just reaches the critical temperature (refer to Methods). The stability of the optical tweezers can be optimized by adjusting the phase difference and transition position θ 0 of the DOE under the premise of avoiding vapor bubble formation. The feasibility of the proposed method is demonstrated at both the absorption and plasmonic resonant wavelengths. Trapping metallic nanoparticle at its plasmonic resonance is also a very challenging task due to the largest scattering cross section. Figure 6 shows the optical force distribution along axial and transverse axes for a gold nanoparticle with the radius of 50 nm at the plasmonic wavelength (580 nm). In this case, the optimal phase difference and transition position θ 0 of the DOE are found to be π and 1.50 rad (85.94°) respectively, for which the potential depth is maximized without heating the nanoparticle over the critical temperature. In this case, the highest allowed input power is calculated to be only 11.1 mW, and the potential depth and escape time are calculated to be 11.3 × k B T, 100 s, 13.5 × k B T, 99 s along the axial and lateral directions, respectively. As the trapping wavelength moves towards the absorption resonance, the absorbed power increases dramatically, leading to severe optical heating effect even with low power. However, the simulation results indicate that it is still possible to trap a gold nanoparticle (50 nm radius) at its absorption resonant by using the proposed strategy. At the wavelength of 532 nm, the optimal phase modulation of the DOE is found to be the same as the previous case for trapping at plasmon resonance (phase difference of π and transition position θ 0 = 1.50 rad) and the potential depth and escape time are calculated to be 8.07 × k B T, 3.30 s, 4.57 × k B T, 0.03 s along axial and lateral axes, respectively. Although the input power is only 6.7 mW, the optical force (nearly 0.2 pN) is still large enough to trap the gold particle owing to the significantly large polarizability of the nanoparticle under resonance condition. Compared to the case of plasmonic resonance, the stability of the optical tweezers at the absorption resonance decreases however is still sufficient to offer a stable trapping. Consequently, optical overheating in this novel optical tweezers can be avoided while maintaining deep enough trapping potential, enabling stable trapping of metallic nanoparticle under the most challenging condition.
Effect of the particle size
In general, 3D stable trapping of particles gets harder as the size of particle reduce. However, the simulation results indicate that a stable trapping can still be formed with reduced particle size using the proposed trapping method. Figure 7 shows the total forces exerted on a gold nanoparticle with radius of 25 nm at the wavelength of 532 nm. 
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Discussion and conclusions
In conclusion, we proposed and numerically demonstrated a novel optical tweezers design that is capable of trapping metallic nanoparticles under the most challenging conditions. In order to create an optical field that is suitable for trapping metallic nanoparticles, the incident radially polarized beam with nonuniform amplitude distribution is tailored purposely by a DOE placed at the entrance pupil plane of the objective lens, which is divided into two zones with phase difference of π/2. The functionalities of the optical tweezer have been studied by calculating the optical forces exerted on a resonant gold nanoparticle, which is impossible to trap using the conventional setup due to the strong scattering force and the optical heating effect. Through adjusting the phase modulation, the total force distribution can be flexibly engineered. According to the simulation results, the maximal trapping strength and trapping length obtained in this optical tweezers are 2.82 pN and 5λ, respectively. More importantly, the overheating phenomenon can be avoided by elaborately adjusting the input power and the phase modulation. It is also worthy of noting that the impact of optical overheating effect to the optical trap would not be as severe if the metallic particle is trapped in air because there is no vapor bubble that destroy the trap, or the particle is imbedded in an ambient medium with large viscosity or high critical temperature for bubble formation. The required vectorial optical fields with complex spatial distribution can be generated by using two reflective phase-only liquid crystal spatial light modulators [26] . Although an objective lens with maximum refracted angle 89° is necessary to realize the trapping in the water, it is still within the capabilities of the existing total internal reflection fluorescence microscopy. It should be noted that the requirements for the objective lens is less stringent if the nanoparticles are to be trapped in air, in which case a NA less than 0.98 is sufficient. The technique presented in this work can be easily adapted for the stable 3D trapping of other kinds of metallic and semiconducting nanoparticles by adjusting the pupil modulation. We want to emphasize that method described in this work offers a novel perspective and a viable approach to create stable 3D trapping of metallic nanoparticles under the most challenging conditions. More sophisticated spatial distribution of the vectorial optical illumination, e.g., by adding more zones to the DOE, may be used to further increase the stability and alleviate the heating effect in 
Methods
Maximum input power calculation
Since the radius of the particle considered in this work is much smaller than the wavelength, the absorbed power by the particle can be estimated with dipole approximation as: P = α″ε 0 ωE 2 /2, where α″ is the imaginary part of the polarizability of the particle, ε 0 is the vacuum permittivity, ω is the angular frequency and E is the electric field at the equilibrium point. The procedure for calculating the maximum allowable input power is as the following: First, the absorptivity A p of the particle under the illumination of a focused vectorial beam is calculated with the above equation for input power of 100 mW. Note that the absorptivity changes with the particle size and the spatial distribution of the vectorial beam. Then, the tolerable absorbed power P T for a gold nanoparticle with specific size is calculated by COMSOL with the assuming that the particle reaches the critical temperature of water at its surface. Finally, the maximum allowed input power is calculated through linear scaling by P T /A p .
